ERp57 is an oxidoreductase that, in conjunction with calnexin and calreticulin, assists disulfide bond formation in folding glycoproteins. ERp57 also forms a mixed disulfide with the MHC class I-specific chaperone tapasin, and this dimeric conjugate edits the peptide repertoire bound by MHC class I molecules. In cells unable to form the conjugate, because of tapasin mutation in human studies or ERp57 deletion in mouse studies, peptide loading is impeded. Subtle differences between the mouse and human systems have been observed. Here, we address these differences and expand the analysis to investigate the role of ERp57 redox functions in MHC class I peptide loading. We show in human cells that in the absence of conjugate formation MHC class I recruitment and/or stabilization in the MHC class I peptide-loading complex is impaired, similar to observations in mouse cells. However, we found no role for the enzymatic activities of either the a or a domain redox sites of ERp57 in peptide loading. Our data argue that the function of ERp57 in peptide loading is likely caused by other ERp57 functional domains or a combinatorial feature of the tapasin-ERp57 conjugate.
ERp57 is an oxidoreductase that, in conjunction with calnexin and calreticulin, assists disulfide bond formation in folding glycoproteins. ERp57 also forms a mixed disulfide with the MHC class I-specific chaperone tapasin, and this dimeric conjugate edits the peptide repertoire bound by MHC class I molecules. In cells unable to form the conjugate, because of tapasin mutation in human studies or ERp57 deletion in mouse studies, peptide loading is impeded. Subtle differences between the mouse and human systems have been observed. Here, we address these differences and expand the analysis to investigate the role of ERp57 redox functions in MHC class I peptide loading. We show in human cells that in the absence of conjugate formation MHC class I recruitment and/or stabilization in the MHC class I peptide-loading complex is impaired, similar to observations in mouse cells. However, we found no role for the enzymatic activities of either the a or a domain redox sites of ERp57 in peptide loading. Our data argue that the function of ERp57 in peptide loading is likely caused by other ERp57 functional domains or a combinatorial feature of the tapasin-ERp57 conjugate.
antigen presentation ͉ antigen processing ͉ human ͉ protein folding ͉ quality control S table loading of peptides onto MHC class I/␤ 2 -microglobulin (␤ 2 m) dimers requires coordinated action within the peptide-loading complex (PLC), which consists of TAP1, TAP2, tapasin, ERp57, calreticulin (CRT), MHC class I heavy chain (HC), and ␤ 2 m (1). Tapasin is a critical component of the PLC, but the in vivo role of ERp57 in peptide loading and editing is not entirely resolved. ERp57 is an oxidoreductase that promotes proper disulfide bond formation in folding glycoproteins through its association(s) with calnexin (CNX) and/or CRT (2) . Like protein disulfide isomerase, ERp57 is composed of four domains with the a and aЈ domains containing redox active CXXC motifs. During the biosynthetic folding of MHC class I HC, it appears to act in a manner consistent with models of glycoprotein quality control (3) . However, within the PLC, Cys-57 of ERp57 forms a disulfide bond with tapasin Cys-95, and tapasin inactivates the substrate dissociation step, or ''escape pathway,'' of ERp57, making this interaction very stable (4) .
We examined MHC class I assembly in human B lymphoblastoid cells expressing HLA-B*4402 and a tapasin construct in which Cys-95 was mutated to Ala (C95A) to prevent conjugate formation (5) . PLC formation was qualitatively normal except for the absence of ERp57, but the stability of peptide-MHC class I complexes assembled in these cells was decreased, consistent with association with a pool of lower-affinity peptides. In mouse B cells lacking ERp57, surface expression of H2-K b molecules was reduced by Ϸ50%, and turnover was faster than in ERp57-expressing cells. H2-K b recruitment into the PLC was affected, and its trafficking through the Golgi was accelerated. Furthermore, presentation of an H2-K b -restricted epitope derived from ovalbumin was reduced in ERp57-deficient mouse B lymphocytes (6) . The tapasin C95A mutation did not affect H2-K b binding of this ovalbumin-derived peptide, but mutation of Cys-95 prevented the association of H2-L d with tapasin in human cells (7, 8) . Thus, the relative importance of conjugate formation for PLC assembly in mouse and human systems is ambiguous.
A critical question is how ERp57 redox activity is involved in peptide loading. The a domain active site is stably disulfidelinked to tapasin, and this bond would have to be reversibly reduced for this site to have a functional role. The aЈ domain site might potentially play a role, and we observed an altered redox state of HLA-B*4402 associated with the PLC in C95A tapasinexpressing cells, which appeared to be consistent with this hypothesis (5). However, MHC class I redox changes were not observed in ERp57-deficient mouse B cells (6) . A recent study identified a disulfide-linked complex of MHC class I HC, tapasin, and ERp57 in the PLC, and the authors suggested that the aЈ domain cysteines of ERp57 may be required for ''triple conjugate'' formation (9) . However, this hypothesis was not directly demonstrated, and cysteines in the transmembrane or cytoplasmic domains of tapasin and MHC class I HC could mediate these interactions (ref. 10 and D.R.P. unpublished observations). Kienast et al. (11) recently proposed that conjugate formation inhibits ERp57 redox activity, suggesting that redox-active ERp57 might negatively affect peptide loading. These discrepancies are clearly in need of resolution.
Here, we reinvestigate human cells expressing C95A tapasin to reconcile our data with those obtained in the mouse and subsequently examine the role of the two redox domains of ERp57 in peptide loading. Some aspects of peptide loading differ between mice and humans, but conjugate formation is required for the efficient association of MHC class I with the PLC in human cells. After conjugate formation, ERp57 is irreversibly sequestered in the PLC by tapasin, arguing that the ERp57 a domain does not directly function in peptide loading. Additionally, elimination of the redox activities of both the a and aЈ domain CXXC motifs does not affect peptide loading onto HLA-B*4402, suggesting that the positive functions of ERp57 in peptide loading are not related to its role as an oxidoreductase.
we examined the kinetics of MHC class I interaction with the PLC by pulse-chase analysis (Fig. 1B) . Throughout the chase, less MHC class I HC was associated with PLCs containing C95A tapasin despite similar tapasin labeling in WT-and C95A-expressing cells. MHC class I associated with WT-and C95A-containing PLCs with similar kinetics, but the duration of the interaction was significantly reduced in the absence of ERp57. Thus, the differences in steadystate MHC class I association with C95A-containing PLCs are at least partially attributable to decreased retention. We cannot distinguish between defects in MHC class I recruitment and postsolubilization loss of MHC class I, but the presence of ERp57 is required for stable formation and maintenance of the complete PLC in human cells, consistent with results obtained in ERp57-deficient mouse B cells and for H2-L d (6, 7) . H2-K b molecules assembled in ERp57-deficient B cells were more rapidly eliminated from the cell surface, a marker of instability, than those assembled in ERp57-expressing cells (6) . Similarly, the thermostability and half-life of HLA-B*4402-␤ 2 m complexes assembled in C95A-expressing cells were reduced compared with WT-expressing cells (5) . In ERp57-negative cells, H2-K b complexes exited the PLC and traversed the Golgi more rapidly, but our original analysis of C95A-expressing cells did not assess rates of trafficking. Thus, we performed a pulsechase analysis and harvested cells at 15-min intervals followed by immunoprecipitation with the anti-MHC class I mAb W6/32, endoglycosidase H (EndoH) digestion, and SDS/PAGE (Fig. 2 Upper). The acquisition of EndoH resistance by MHC class I/␤ 2 m dimers was significantly delayed in C95A-expressing cells (Fig. 2 Lower Left), and fewer W6/32 complexes survived for the 4 h of the experiment ( Fig. 2 Lower Right; WT t1 ͞2 Ͼ 4 h, C95A t1 ͞2 Ϸ2 h). Those complexes that acquired EndoH resistance were relatively long-lived, however (data not shown), suggesting that passing ER quality control checkpoints may correlate with the loading of higher-quality peptides.
Tapasin-Mediated Inhibition of a Domain Redox Activity Sequesters
ERp57 in the PLC. The absence of ERp57 from the PLC affects the association of MHC class I with the PLC and the stability of generated MHC class I/␤ 2 m dimers. ERp57 has several functional domains that could mediate these effects. To determine whether the redox active sites of ERp57 are involved, we first asked whether the a domain CXXC motif is active when ERp57 is associated with tapasin. If it is active, exchange should occur between the free and tapasin-conjugated ERp57 pools in the ER. Hence, in cells coexpressing FLAG-tagged C60A ERp57 and endogenous ERp57, the elimination of the a domain escape pathway in the Cys-60 mutant should lead to the accumulation of C60A-FLAG ERp57 in the PLC over time. To test this hypothesis, we labeled and chased WT-or C60A-FLAG ERp57-expressing cells. The cells, not treated with methyl methanethiosulfonate (MMTS) unless indicated, were solubilized in digitonin and immunoprecipitated with PaSta1 before boiling in SDS sample buffer. Eluted material was then resolved by SDS/ PAGE under reducing or nonreducing conditions (Fig. 3) . As expected, in the cells expressing WT-FLAG ERp57, no conjugate was seen without MMTS treatment after boiling in SDS without reduction (lanes 2, 4, 6, 8, and 10), but in cells where the escape pathway was blocked by MMTS treatment, the conjugate was preserved (lane 13). In contrast, cells expressing both endogenous ERp57 and C60A-FLAG ERp57 had substantial amounts of detectable conjugate in the absence of MMTS treatment (lanes 2, 4, 6, 8, and 10). Conjugates containing C60A-FLAG ERp57 are resistant to escape pathway-mediated conjugate reduction after denaturation in SDS (D.R.P., unpublished observation), and the constant ratio of free to conjugated tapasin argues that C60A-ERp57 does not accumulate in the loading complex with time (Lower). Thus, regulated conjugate reduction through the a domain CXXC motif and ERp57 exchange do not appear to occur during peptide loading. Once incorporated into the MHC class I loading complex, ERp57 is permanently sequestered through inactivation of its a domain redox activity.
Generation of Cells Expressing ERp57 Redox Mutant Conjugates.
To probe further the function of the a and aЈ domain CXXC motifs in peptide loading, we knocked down endogenous ERp57 by using shRNA constructs and then reexpressed FLAG-tagged WT and mutant ERp57. Cells expressing HLA-B*4402 and WT tapasin were transduced with an ERp57-specific shRNA retrovirus, and, after sorting, Ͼ90% knockdown was achieved compared with cells transduced with nontargeting shRNA constructs (Fig. 4A) . Despite this knockdown, only subtle differences were seen in PLC composition and MHC class I trafficking in these cells (data not shown). These differences are likely because all of the residual ERp57 is conjugated to tapasin, and some tapasin remains in the conjugate (Fig. 4 B and C) . These data reinforce our previous finding that ERp57 is recruited preferentially by tapasin in IFN-␥-stimulated cells (4) . We next wished to reexpress WT or mutant ERp57 to examine their effects on MHC class I loading. ERp57-suppressed cells were transduced with retroviruses encoding FLAG-tagged WT, C60A mutant, or triple cysteine mutant (C60A/C406A/C409A) ERp57 biscistronically with EGFP and sorted for high EGFP expression. The C60A/C406A/C409A triple redox mutant (3x) combined the trapping feature that inactivates the a domain active site and mutations that inactivate the aЈ domain active site. Mutation of Cys-406 and Cys-409 prevents conjugate formation, but the RNAi and expressing FLAG-tagged WT, C60A, or C60A/C406A/C409A (3x) ERp57 were solubilized in 1% Triton X-100, and postnuclear supernatants were resolved by reducing SDS/PAGE. Total and FLAG-tagged ERp57 were detected by immunoblotting with MaP.ERp57 and M2 (FLAG). Mouse anti-GAPDH was used as a loading control. (E) FLAG-tagged ERp57 is incorporated into the PLC and forms the conjugate. Cells from D were pulse-labeled for 30 min and chased for 30 min. Digitonin lysates of MMTS-treated cells were immunoprecipitated with RING4c (TAP1) or NRS (Ctrl). Triton X-100 (0.1%) was used to release tapasin from TAP, and subcomplexes incorporating FLAG-tagged ERp57 were immunoprecipitated with M2-agarose (FLAG). Samples were resolved by reducing/nonreducing SDS/PAGE as indicated. FLAG-associated PLC components are indicated.
additional mutation of Cys-60 allows conjugation formation to occur (5) . As shown in Fig. 4D , ERp57 expression in the transduced cells was comparable to endogenous ERp57. All three ERp57 constructs, including the triple mutant, were incorporated into the PLC and formed the conjugate (Fig. 4E) , and virtually all detectable conjugated ERp57 in these cells was FLAG-tagged ( Fig. 5A and data not shown) . Thus, this system allowed us to specifically address the role of the redox activities of the ERp57 a and aЈ domains in MHC class I peptide loading.
Normal MHC Class I Assembly in the Absence of a and/or a Domain
Redox Activity. The three most pronounced phenotypes in cells expressing HLA-B*4402 and C95A tapasin are: impaired incorporation of MHC class I in the PLC, decreased stability of assembled MHC class I complexes, and an altered redox state of MHC class I HC in the PLC (5). Because poor incorporation/ stabilization of MHC class I into the PLC likely underlies the defects seen in peptide loading in conjugate-deficient cells, we first examined whether elimination of the redox activity of ERp57 adversely affected PLC stability. Interactions between PLC components are preserved in the detergent digitonin, but incubation of TAP1 immunoprecipitates with Triton X-100 releases subcomplexes containing different combinations of tapasin, ERp57, CRT, MHC class I HC, and/or ␤ 2 m. Reprecipitation of these eluates from cells expressing WT tapasin with PaSta1 isolates tapasin, ERp57, and associated MHC class I complexes (Fig. 5A Left) . When subcomplexes were isolated from Triton X-100 eluates of PLCs from C95A-expressing cells, tapasin is precipitated without ERp57, and MHC class I complexes are lost during biochemical isolation (Fig. 5A Left) . Thus, the interaction of MHC class I with unconjugated tapasin is destabilized in Triton X-100, and this correlates with the differences seen at steady-state and in pulse-chase shown in Fig. 1 . When the same technique was applied to cells expressing WT, C60A, or C60A/C406A/C409A ERp57, MHC class I remained associated with tapasin after incubation in Triton X-100 (Fig. 5A  Right) . We further confirmed that MHC class I was associated with the exogenously expressed FLAG-tagged ERp57 by precipitating with an anti-FLAG antibody. Comparable amounts of tapasin, ERp57, and MHC class I HC were precipitated whether WT, C60A, or the triple mutant versions of ERp57 were present (Fig. 5A Right) . Thus, elimination of the redox activity of ERp57 does not affect the stabilization of MHC class I with the PLC, and this function of ERp57 is likely attributable to other ERp57 domains or to a combinatorial property of tapasin and ERp57.
Although the interaction of MHC class I with the mutant conjugates is the same as with WT conjugates, there could be effects of the redox domains on the generation of stable MHC class I/peptide complexes. Surface staining of HLA-B*4402 in cells expressing exogenous WT and redox mutant ERp57 was similar (data not shown), but elimination of conjugation by mutation of Cys-95 only decreased HLA-B*4402 surface expression by 50% (5). The most pronounced defects in MHC class I stability in C95A-expressing cells are seen by pulse-chase analysis in both short-term (Fig. 2) and long-term assays (5). However, as seen in Fig. 5B , the long-term (24-h) stability of HLA-B*4402 complexes assembled in cells predominantly expressing redox mutant ERp57 was not significantly different from those assembled in cells expressing WT-FLAG ERp57. Thus, elimination of the aЈ and/or a domain CXXC motifs of ERp57 does not adversely affect the generation of stable MHC class I/peptide dimers.
We identified an alteration in the redox state of HLA-B*4402 associated with C95A tapasin, and this finding has recently been expanded (5, 11) . There are several possible explanations for these observations, one being that the aЈ domain CXXC motif may be required to reoxidize MHC class I HC that becomes reduced during peptide loading. Thus, we wished to examine the redox state of HLA-B*4402 HCs associated with ERp57 mutantcontaining PLCs. First, we confirmed that redox changes were apparent in MHC class I HCs in cells expressing C95A tapasin. In contrast to the previous results, only a small fraction of PLC-associated MHC class I HC in C95A-expressing cells was partially reduced (Fig. 5C, lanes 2 and 9) . We have no explanation for this difference, but our present results are more similar to those of Kienast et al. (11) than our original observation. However, the absence of the aЈ domain active site did not affect the redox status of PLC-associated HLA-B*4402 HCs (Fig. 5D) . Taken together, these results indicate that the function(s) of ERp57 within the PLC are largely if not entirely independent of its role as a redox enzyme. Instead, ERp57 likely plays an undefined structural role in recruiting MHC class I complexes into the PLC through its conjugation with tapasin and/or nonredox functions such as interactions with CRT and CNX.
Discussion
Consistent with observations in ERp57-negative mouse B cells, our data argue that tapasin-associated ERp57 is required for the efficient incorporation of MHC class I/␤ 2 m dimers into the PLC (6) . The use of a sensitive quantitative approach likely explains our ability to demonstrate a decrease in PLC association of MHC class I HC in C95A-expressing cells not revealed in previous studies (5, 11) . How conjugate formation leads to MHC class I recruitment and stabilization is unclear. ERp57 has three known functional elements: two redox active sites, in the a and aЈ domains, and a CNX/CRT-interacting site in the b and bЈ domains (12) . However, the a domain redox site is inactivated by tapasin association, and we showed here that there is no exchange of ERp57 molecules conjugated through that site. We further showed that complete inactivation of the thiol exchange capacity of the a domain site by mutation of the C-terminal cysteine residue combined with the elimination of the aЈ domain active site does not affect MHC class I incorporation into the PLC. Thus, the redox activity of PLC-associated ERp57 plays no role in MHC class I recruitment. Furthermore, the expression and stability of the MHC class I molecules assembled in the presence of the ERp57 triple mutant are indistinguishable from those assembled in the presence of WT ERp57. Thus, the redox activity also appears to play no role in selecting high-affinity peptides or peptide editing. CNX/CRT binding is the only known functional property of ERp57 that might mediate a direct effect on MHC class I recruitment and peptide loading. Interaction of tapasin-conjugated ERp57 with CRT that is simultaneously bound to the monoglucosylated N-linked glycan of the class I HC may explain why recombinant conjugate can recruit MHC class I/␤ 2 m dimers and function as a peptide editor whereas free tapasin cannot (13) . Consistent with this, free tapasin acquires the ability to mediate peptide exchange when artificially tethered to MHC class I HC (14) .
A substantial fraction of MHC class I-␤ 2 m dimers assembled in C95A-expressing cells do not exit the ER, likely because of inefficient recruitment and peptide loading. Those complexes with bound peptide exit the ER and pass through the Golgi, but this population is less stable than the pool that exit the ER in WT cells (5) . In contrast, most H2-K b complexes assembled in ERp57-deficient mouse B cells successfully exit the ER but dissociate in post-ER compartments (6) . The reasons for the differences in trafficking between HLA-B*4402 and H2-K b are unknown, but to exit the ER proteins must pass ER quality control checkpoints. These alleles may differ in their intrinsic ability to pass these checkpoints. Consistent with this possibility, peptide-free H2-K b molecules expressed in human TAPdeficient cells accumulate at the cell surface whereas TAPdependent human class I alleles in the same cell do not (15) . In addition, surface-expressed H2-K b molecules in mouse TAPdeficient cells can be stabilized by exogenous ␤ 2 m or temperature reduction, but neither ␤ 2 m nor lower temperatures stabilize TAP-dependent human alleles in either mouse or human cells (16) . Kienast et al. (11) recently suggested that the function of the conjugate is to inhibit ERp57 reductase activity toward MHC class I HC. They observed the tapasin-dependent allele HLA-B*4402 in a partially oxidized state in cells lacking tapasin or those expressing C95A tapasin, whereas the tapasin-independent allele HLA-B*4405 was fully oxidized under these conditions. Most of their experiments did not distinguish between pools of MHC class I molecules (e.g., newly synthesized, PLCassociated, ER-retained and targeted for degradation, surfaceexpressed, etc.) We observed a small population of partially oxidized HLA-B*4402 HCs associated with the PLC in C95A-expressing cells, but much more profound oxidation differences were seen in non-PLC-associated MHC class I HC in the ER (D.R.P., unpublished observations). MHC class I HCs are partially reduced shortly after synthesis and immediately before ER-associated degradation (ERAD), and ERp57 contributes to reduction under both circumstances (3, 17) . Mutation of either Cys-101 or Cys-164 in the MHC class I HC peptide-binding groove substantially inhibits peptide loading (11, 18) . Conversely, poor peptide loading leads to reduction of that disulfide bond and ERAD. Because C95A tapasin is less efficient at catalyzing peptide loading (5, 19) , it is difficult to determine whether nonsequestered ERp57 might inhibit peptide loading by reducing MHC class I molecules or whether reduction occurs because C95A tapasin is inefficient in mediating peptide loading. Generation of tapasin mutants that do not catalyze peptide loading but form the conjugate could resolve this question. Finally, the model is at best incomplete because purified conjugate can promote peptide loading and act as a peptide editor in a cell free assay to a much greater extent than free tapasin (13) . This would not be so if the sole purpose of conjugation was to inhibit ERp57 activity toward MHC class I HC.
Soluble conjugate, but not tapasin alone, acts as a peptide editor and exerts a positive function on MHC class I peptide loading (13) . Here, we showed that those effects are not the result of aЈ domain redox activity. Additionally, the steady-state inhibition of the ERp57 a domain escape pathway we described translates into the permanent sequestration of ERp57 in the conjugate. This strongly suggests that redox regulation by ERp57 does not have a role in MHC class I peptide loading independent of its general role in glycoprotein folding, but the positive function of ERp57 in the PLC remains elusive. H2-K b trafficking in CRT-deficient fibroblasts is similar to that seen in the absence of ERp57 (20), consistent with the idea that interaction of the bbЈ domains of ERp57 with CRT could stabilize MHC class I in the PLC. However, more experiments are needed to evaluate the importance of the ERp57-lectin interactions in MHC class I loading.
Materials and Methods
Plasmids. Retroviral vectors encoding shRNA constructs targeting ERp57 (RVH1-ERp57) or a control (RVH1-Ctrl) were constructed by using the RVH1 vector (21) . The following oligonucleotides synthesized with 5Ј-phosphates were annealed and ligated as described: ERp57-F, 5Ј-gat ccc cGG ACT CTT CCA TCA GAG ATt tca aga gaA TCT CTG ATG GAA GAG TCC ttt ttg gaa c-3Ј; ERp57-R, 5Ј-tcg agt tcc aaa aaG GAC TCT TCC ATC AGA GAT tct ctt gaa ATC TCT GAT GGA AGA GTC Cgg g-3Ј; Ctrl-F, 5Ј-ga tcc ccG CTT CAA CAG CAG GCA CTC ttc aag aga GAG TGC CTG CTG TTG AAG Ctt ttt gga ac-3Ј; Ctrl-R, 5Ј-tcg agt tcc aaa aaG CTT CAA CAG CAG GCA CTC tct ctt gaa GAG TGC CTG CTG TTG AAG Cgg g-3Ј. Correct clones were identified by sequencing. Retroviral vectors encoding WT, C60A, and C60A/C406A/C409A FLAG-tagged ERp57 were generated by ligating fragments from ERp57-FLAG in pCDNA3.1-Puro (5) into the retroviral vector pBMN-IRES-EGFP (a gift of A. Bothwell, Yale University, New Haven, CT).
Cell Lines and Antibodies. The cell line 721.220 and its transfectants have been described in ref. 5 . Cells were first transduced with the RVH1 retroviral shRNA constructs by spinfection and sorted for high CD4 expression with a FACS Vantage SE (22) . Cells with stably suppressed ERp57 were then transduced with pBMN-ERp57-IRES-EGFP, and EGFP-positive cells were collected as above. All derivatives of 721.220 were maintained as described in ref. 5 . The mAbs used were: 3B10.7 [anti-MHC class I HC (5) Cell solubilization in 1% digitonin and preclearing were performed as described in ref. 4 . Proteins were immunoprecipitated by incubating with mAbs coupled to Bio-Gel A15m beads or mAbs or antiserum and protein A-Sepharose for 1 h at 4°C followed by washing in 0.1% digitonin. For EndoH digestions, beads were heated to 95°C in 2ϫ EndoH buffer (0.05 M sodium phosphate, 0.25% SDS, pH 6.5) for 5 min. Eluted material was digested with 1 milliunit of EndoH (Roche) overnight at 37°C before reducing SDS/PAGE. TAP1 immunoprecipitates were eluted in 0.1% Triton X-100 (American Bioanalytical) for 5 min on ice, and SDS/PAGE sample buffer was added to eluted material. All other immunoprecipitates were eluted directly into SDS/PAGE sample buffer. Samples were resolved by reducing or nonreducing SDS/PAGE as described in ref. 4 . Quantitation was performed with ImageQuant software (GE Healthcare).
Immunoprecipitation and Western Blotting. Cells were treated with 10 mM MMTS in PBS and extracted as described above. Postnuclear supernatants were precleared with protein A-Sepharose and precipitated with mAb coupled to Bio-Gel A15m beads for 1 h at 4°C. After washing, precipitated material was eluted in 2ϫ reducing SDS/PAGE sample buffer at 95°C for 5 min or with 0.1% Triton X-100 for reducing/nonreducing SDS/PAGE as described above. After transfer, membranes were blocked, probed, and washed, and proteins were detected as described in ref. 4 for quantitative and nonquantitative blots.
